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A precise measurement of the atomic m~s dependence of d“imucm continuum and

vector-meson production induced by 800 GeV/c protons is reported. Approximately

700,000 muon paim with dimuon mass A4 z 3 GeV were recorded from targets of 2H,

C, Ca, Fe, and W, The dimuon mass spectrum obtained is shown in Fig, 1. The ratio

of Drell-Yan dirruon yield per nucleon for nuclei versus 2H, R = YA/Y”M, is sensitive to

modifications of the antiqua.rk sea in nuclei. No n’lclear dependence of this ratio is observed

over the range of target-quark momentum fraction 0.1 < Zt < 0,3, For Zr < 0,1 the ratio is

slightly lee ~ than unity for the heavy nuclei. These results are compared with predictions

of models of the EMC efkt. .4 depletion of the yield per nucleon from heavy nuclei is

observed for the JW, V’, and T production. This depletion exhibits strong dependence on

Zf and pt.
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Introduction

Two of the most important and interesting questions in Nuclear Physics today are: 1)

How is the intrinsic structure of the nucleon modified in nuclei, and 2) How are reactions

on nuclei affected by processes which involve explicit quark and gluon degrees of freedom?

Ln this talk I will try to address some aspects of these questions. In particular I will first

discuss in simple terms some basic ideaa about the intrinsic structure of the nucleon and

it’s modification in nuclei, I will also identify some of the reaction dynamics issues that

must be considered when trying to understwl high-energy reactions on nuclei, in particular

proton-induced Drell-Ym and resonance production, I will then introduce our experiment,

Fermilab E772, and will show our results on the nuclear mw dependence of Drell-Yan and

of resonance production. Finally I will w.un.marize the main conclusions.

1. Structure finctlons and Reaction Dynamics

Three of the main processes used for d-

termining the intrinsic structure of a nu-

cleon are shown in Fig. 1. These tie deep-

inel~tic lepton scattering (DIS) where a muon

or elwtron interacts via a virtual photon

with the quarks inside a nucleon. The re

suiting information on the struck quark is

extracted in the form of a structure function

which gives the probability for the quark in

the nucleon to have a certain fraction, z,

of the nucleon momentum. The Drell-Yam

process involvee the annihilation of a pr-

ton beam quark (anti-quwk) with a target

anti-quark [quark) producing an energetic q

which then decays into s lepton pair. The

DIS process is sensitive to the sum of the

qu~k and anti-quark distributions in the

target nucleon while DY, in the kinematic

DCCP D4CLA9TIC 9CATTERL’+C

~(#l*f(J)

RMONANCC PRO DL’CTION

f)(l) p,(s)

Fig, 1. Proceeme used for determining nu-
cleon structure functions.

region of our experiment, is primarily sensitive to only that for the target anti-quark. For

resonance production (J/@, @’, md T) the dominant mechanism ‘h that of gluon-iusion

which involves th~ product of the beam and target gluon structure functions. Nucleon

~~ructure functioila are ~hown in Fig, 2, * Here we can me that for our Drell-Yan experiment

where ZI (the beam quark momentum fraction) “Ufairly large WQhave dmoet exclusively

be~m qu~’ku. Thus the annihilation is with a target sea antl=quark and the Drell-)’an

measurements determine the target anti-quark structure furx;ion h a nucleuo.



A number of reaction dynamics effeute must 1
r T T I , 1

I
be considered when studying these high-energy

reactions.a Some of these Me depicted in
DUKE-OWENS

“m

STRICTURE FbNCTlONs

Icartoon form in Fig. 3. For the D’rell-Ya

process we expect to see some initial-state

multiple scattering effects which will broaden

the tranwerse momentum, ~, of the dimuon

pair. Ln the cue of resonance production,

e.g. J/@ production, the situation is more

complicated. A C? pair ‘k formed in an al-

mozt point-like interaction and then must

spread out for a considerable distance (e.g.

5-10 nuclear radii) at which it achievea c

separation distance corresponding to the J/#

diameter and it hadronizes. In addition a

splash of low-energy r’s and p’s “u created

by the incident beam quarkz, Some of these

can be co-moving with the J/#, i.e. have

small relative velocity with reepect to the

J/~. The pre-J/0 cm then be multiple

scattered ~. cm be dissociated by the co-

movers. The pre-J/@ can ho be dissoci-

ated by the nuclear medium dir=tly, how-

ever since the co-movers can continue to in-

teract well outside of the nuclear volume

they may in principle have a more impor-

tant effect.

Data for the A-dependence of tha structuro

function from DIS for both muons (EMC)S

and electrons (SLAC)4 Is shown in Fig. 4.

There is now good agreement between the

results with the two probes. Ln theee graphs

and in many more throughout the rest of
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Fig. 2, Nucleon and pion structure func-
tions from Duke, Owens (Ref. 1).
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c

Fig. 3. Some of the reaction dynamics ei-
fecte for Drell-Yan and J/@ pr~
duction in nuclei.

this talk I will show the ra’;io of etructure functions between a heavy nucleun and deuterium,

R(A/D), versus target quark momentum fraction, Za. If the data pointa all fell on the

horizontal line at R = 1 then there would be no nuclear medium effect, However for the

DIS data nhown there 10 a depletion of the low-momentum quarks (shadowing region), no

modification just above z = 0.1, an IncreMing depletion in the intermediate z region, ~nd a

~harp incre~e toward enhancement ●t very large z (due to Fermi motion), This modific~tlor



of the nucleon structure function in nuclei

is commonly referred to ~ the EMC effect

after the collaboration that first observed it,

Some of the newer EMC rwults,6 - shown

in Fig. 5, indicate that the onset point of

the shadowing region moves to larger z for

heavier nuclei; a feature which must be Un.

derstood by any successful theory of shad- I
‘II . > >,.

$o \,. T?.,owing. Data is also available from neutrino

scattering and is consistent with the DIS

results but has rather large uncertaintiw.

II. Theoretical Models of the EMC ef-

fec t

LNOWI will try to identi& the b=ic physics

contained in some of the common thmret-

ical models of the EMC effect. I will do

this only in very simple terrnn and will show

schematic graphs of the general featurea ex-

pected in the ratio between hea~ and light

nuclei, R(A/D), versus target quark me

mentum fraction, q. Real model calcula-

tions may give somewhat different results;

the behavior shown here ia only rmant to

give the reader smme simple insight into th~e

effects.

i) Nuclear binding and Fermi motion’+:

In principle nuclear binding will produce ex-

cess pions in the nucleus which would carry

off some of the nucleon momentum and thus

cause a reduction in the apparent morrmw

turn fraction of the quarka In the nucleoli.

This produces m efkt in the ratio IMshown

in Fig. 6a. However the pion haa a valence

anti-quark (which hM a fairly hard rrlomen-

tum fract!on - see Fig. 1) while the nucleon

has only soft (sea) anti-quuks. Thus the

excess pions in a heavy nucleus might be

expected to cause an Increaao of the ratio

at large z for the Drei!-Yan process which is

Fig. 4. Deep inelaatic scattering data from
CERN3 and SLAC4.
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Fig. 5, New EMC resultas in the shad.
owing region. Even more recent

rmults which concentrate heav lIY
on tha sh~dowing r :gion can “+
found in Ref.ae.



primarily sensitive to the anti-quarka (Fig. 6b).

At Iwqz z the nucleon structure function is very small. However Fermi motion in a

nucleus can spread this distribution to produce a finite population near z = 1. A ratio such

as shown in Fig. 6C results,

11) RescallngLGi2:

The resealing model in it’s simplest form is a phenomenological relationship where the

structure function in a nucleus is equal to the unmodified nucleon structure function evalu-

ated at a larger Q2, i.e.

F:’(z, Q2) s F:(z, {@).

With f s 2 reasonably good agreement is obtained with the DIS data. This is equivalent

to a - IS% incre~e in the QCD confinement scale. 12 A huger size scale corresponds to

a lower momentum. Thus the momentum fraction of the quarke ia softened and there is

a km of valence quark momentum. The reeulting dependence of the ratio will then look

something like Fig, 6d. One simple model which producee such an incre~e of scale is that

of Close, Jaffee, Roberts, and ROOS12where they introduce an increaaed confinement scale

that is proportional to the overlap of nucleons. The nucleon overlap ia calculated using

different correlation functions and singl-particle densities. They then easume that when

two nucleons overlap their quarks then propagate over a larger spatial domain resu!ting in

a corresponding incre~e in scale.

ill)Multi-quark clusters’-’:’:

Multi-quark cluster modeiu obtain a larger

length scale by assuming a probabiliw (-

16 – 30%) for nuckons in a nucleus to form

six or more quark cluatem. This should pro-

duce the same kind of dependence on z in

the ratio aa doee reecmling. However, aa

shown in Fig. te, a relative enhancement

near z = I should also be produced since

one quark can maume the momentum of a

single nucleon or more.

iv) Shadowing:

Shadowing refers to the depletion of low-

momentum partons (quarks and gluona) in

the region of z <0.1. Claeaically the name

“shadowing” refers to the phanomena where

a nuclear cross s~tion increeaee with Aa

where a is less than one. This wouid occur,

e,g, in photon reactions, when the interior

I Fhmi Shim

L 8* I

L-h)

4

~a I

I Rmcaling

I Shadowm[

)’---------
r)

Fig. 6. Schetmtic expwtat~onn for ditf!!r-
erd EMC modek ae iabeled.



of the nucleus was shadowed by a front mr-

face which strongly interacts with the probe

or is black. However in the discussion of

structure functions the term is used to r-

fer only to the low z region where the cross

section per nucleon decreases f~ter than A

(i.e. a < 1). One simple explanation of this

phenomena is that the low-z partons have

a large spatial extent and therefore overlap

and interact causing a redistribution of their

momenta. 1SThe typical effect of shadowing

on the ratio is shown in Fig. 6f where there

is a slight enhancement or ‘anti-shadowing”

just above z = 0.1 in addition to the deple-

tion below z = 0.1. Another recent expla-

nation of the shadowing phenomena from

Brodsky and Lul” involves a detailed parton

multiple scattering picture and produces sim-

ilar effects in the ratio.

A set of model calculation from Bickerstaff,

Birse, and Millera are shown for DIS and

Drell-Yan in Fig. 7. These calculations give

fair agreement with the DIS data but give

large differences in their prediction for DY.

Thue data for the Drell-Yan process ia ex-

pected to distinguish between the models.

111, Ilrell-Yan and E772
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Fig. 7. Calculations of the ratio of the struc-
ture function per nucleon for Fe
to that of 12for deep inelastic scat-
tering and for Drell-Yan from Ref.e.

Fermi lab E772 metuures the A-dependence of the Drell-Yan procees at a cm. energy of -

39 GeV by colliding 800 GeV protons with fixed nuclear targets. By meaauring the momenta

of the muon pair one can then calculate the beam quark and target quark momentum

fractions. The differential cross section is related to the structure functions by,

where Z1(za) is the beam (target) quark momentum fraction and ~j (~~) is the quark (anti-

quark) structure function with j = 1,2 corresponding to beam, target, and where the Gu m

over t’ i~ over types of quarks. The K-futor in front of this expression represents Q (- [)



corrections and is + 2; however the cross-

Thus in our experiment, which involves al-

most exclusively the product of the beam

quark and target anti-quark structure func-

tions the cross section is a direct mezumr~

ment of this structure function product.

The detector used at Fermilab for E772 is

shown in Fig. 8. Drell-Yan cross sections

in the 3 < A4&+ti- ~ 16GeV region are only

“---—~-i-t9.. .-—_
a-——

/

,.,. ... .
-$.

a few pb’s/ GeV. However this detector has
*W64$1[.Tm 1irru :

good acceptance for p+p- pairs (s 5%) and ~q “,, j .,
“1

3b$(d-3* n6.2.3-L),, 4... .
can handle a very high rate of protons on ,T I

L)
/’ :i:target (up to 2 x 101z/spill). The portion / ‘“” +

of the 800 GeV protoru which does not in- ~Yti ~ ~ -, . .~.
teract in the target is absorbed in the beam

e 1*

/4-
t ! Fdump contained within the firstmagnet. Pro- ‘+ \ ‘ =Iz. bS:w

duced muon pairs are analyzed by two large
>:m

\ D
-

t >0
magnets with a total ~-kick of about 6 GeV. 8V1UW

A copper/carbon/polyethylene absorber near
1 b J

the rear of the first magnet protects the de- Fig. 8. The Fermilab E605/E772 pair spcc-
tectors downstream of the first magn~t from trometer with a reconstructed event

low energy particles from the target, beam shown in the bottom panel.

dump, or magnet walls. Several sets of sc~ntillator hodoscopea and wire chamber or drift

chamber planes throughout the rest of the detector accurately determine the momenta of the

two muons. A calorimeter and a thick absorber assure that only muons penetrate through

to the rearmost planes of detectors which then provide a clear muon identification. The

me=ured momenta and the track angles are then used to construct physics quantities. The

resulting mass spectra is shown in Fig. 9. In addition to the Drell-Yan continuum we

also see the J/# and # peaks near the lower end of the acceptance and several T peaks

near the high end. For the Drell-Yan results that will be shown throughout the rest of

this paper only the cross-hatched areas (4 < M c 9 and M s 11 GeV) will be used in

order to avoid systematic errors related to peak deter& ination for the resonances. The

data obtained for the three settings of the magnets is summarized in Table Ii as are the

statistical uncertaintie.z for the Drell-Yan data obtained for the different Za bins covered

by the experiment. Of the 670k total dimuon events there are 450k Drell-Yan pairs, 100k

~/tJ’s, 12k #“s, and 27k T’s. Careful and redundant beam monitoring, target thickness

determinations, and frequent target interchange resulted in a total systematic error of ICSS



TABLE I-E772DATA SUMMARY

.Magnet Setting (~(P+M-)) Ta.rgeta Proton Flux Dimuon Events

Low m~s 4.8 GeV Fe/Ca/LDl 6 X 101s 170 k

W/C/LD2 2 x lol~ 70 k

3Aedium mam 6.5 GeV Fe/ Ca/LDy 2.4 X 1016 280 k

W/ f3/LDy 0.9 x 1016 110k

High m~s 9.1 GeV Fe/ Ca/LDz 1.5 x lCP 40 k

TOTAL 5.6 X 101* 670 k

Statistical Errors in Drell-Yan Cross S~tion Ratioa for Various Z2 Bins (ZF > O)

Target 0-0$05 0.05 -0.1 0.1-0.15 0.15-0.2 0.2-0.25 0.25 -0.3

Ca,Fe 1% < 1% 1% 2% 5% 12%

C,w 2% 1% 296 4% 10% 24%

than 2%. Our Drell-Yan renulta will shortly he published in a Physical Review Letter.ls

However the resonax.e results that will be shmvn below are still preliminary.

A-dependence of Drel.1-Yam

The Drell-Ym results “mterms of the ratio between heavy and light target versus z, (II)

are shown in Fig. 10. If there were no modification of the nucleon anti-quark structure

function by the nuclear medium the data would fall on a ratio of one. In fact the data is

consistent with one except i.n the low-z shadowing region where a significant depletion can

be seen as the nuclear m~s gets large (i.e. for W/’H). We have plotted the EMC resultss for

Sri/2 H with our W/211 reeults in the bottom right panel. The depletion in the shadowing

region for the EMC data is significantly stringer than that wwn in our data suggesting that

the anti-quarks are not depleted aa strongly aa are the valence quarka. For our Fe/2 H ratio

we compare with specific model calculation obtained from Hwang, Mom, and Peng. 19 The

pion excess model USea a ~ = 0.6 and badly miseemthe data. The quark cluster calculation

1$ and usee a &quark cluster probability ofwh:~h follows the model of Carlaon and Havene

15% also badly miswe the datm. Only the resealing model agrwe well with the data. The

disagreement for z s 0.1 can presumably be tied by adding in a depletion duz to shadowing.
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Our results for the M dependence of the DreU-Yan ratio are shown in Fig. 11. An

increase in w with mass can be seen, consistent with expectations based on initial-state

multiple scattering. A similar effect, shown in Fig. 12, was seen in pion-induced Drell-Yan

(NAIO).aO The effect at 140 GeV is substantially larger than seen in E772 but at 286 GeV

their pion data is consistent with our proton data.

A-dependence of Resonance Produc-

tion

The mass depe..tience of the ratio of total

cross sections for resonance production from

E772 is shown in Fig. 13. Also shown for

comparison is the Drell-Yan data whose to-

tal cross section has no mass dependence

and lies on the horizontal line at R = 1.

The E772 resonance results are prefirn:nar~

a more careful determination of the peak

shapes and yields is in progress. All the res-

onances shown have a strong A-dependmce

with the lighter resonances (J/# and $’)

having the st,”ongest suppression with mass.

A simple fit of the form R = A“ has been

done to the resonances (with the J/@ and

W fit together). The resulting a’s are 0.9$3

for the T and 0.916 for the J/# and ~’.

Although some of this anomalous A depen-

dence could be caused by a modification of

the gluon structure function in nuclei it seems

likely that most of it caused by nuclear ef-

fects in the final-state such M those described

in Section L Some recent data from WA82

for D-meson production suggeeta that the

A-dependence for D’s may be even stronger

than that for the J/#.a’

The ~ dependence of the J/# ratio is shown

in Fig. 14, One can see the same increas-

ing ratio at large ~ that was seen for the

DrelbYan process, again presumably due to

multiple scattering. Another striking fea”

ture of the data is shown in Fig. 15 where

we plot the mass dependence of the ratio

12 r

1

iTT! i

Fig. 13. Preliminary nuclear-msm depen-
dence of resonance production com-
pared to Drell-Yan for the ratio
from E772. For the T and for
the J/@ + # results of Au fits are
shown.

$==f------l=w-------

Fig. 14, Preliminary p~-dependence for J{@
production from E772, (The cur~$es
are to guide the eye).



tor different rangee of ZF where ZF = Z1- Z2

and essentially is a me~ure the longitudinal

momentum of the reeonmce. Again tits to

the form R = A“ have been rnadc for each

bin in ZF and show that the attenuation Of

the J/#’s is much stronger for large z?.

Where does this ZF dependence come from?

Fig. 16 shows a as a function of target mo-

mentum fraction, 22, for our J/+ results

and for those from NA322 which studied J/@

suppression at a lower energy. The reduc-

tion of a below - 0.9 begins at a much

higher z? for the lower energy data. It seems

clear that the bulk of this suppression does

not reflect a change in the intrineic ILUCh20n

gluonic-structure. However a comparison of

the ZF dependence of the two experiments,

Fig. 17, shows that they have essentially the

same Zr dependence. Could some of the ob-

served effect be caused by a shift in the ZP

distribution as shown in Fig. 18? In order

to answer this question more data at and

below z? = O is required. In our next exper-

iment at Fermilab, E789, we will extend the

kinematic range of our J/@ measurepente

to address this question. We also plan to

try to make A-dependence measurements oi

the production of D’s via their twmbody de

cay to xK.

J/JI suppression hae also been observed in

heavy-ion collisions, Yields of J/# relative

to the DrelLYan background are reduced in

central collisions relative to peripheral col-

lisions, se shown in Fig. 19. Central Col-

lisions, which correspond to small impact

parameter, are preeumed to be able to cre-

ate quark-gluon plasma for which such a

suppression was predicted.%s However it is

clear that whatever effects are responsible

A

Fig. 15. Preliminary mass-dependence from
E772 of the ratio for J/# produc-
tiOt’2 for different ranges in ZF,

la

409

Oa

0,7

t- --- . ” ----------- -------

+

06
0.00 Mu

X2
Oio 0.15

Fig, 16. za-dependence of a (from fits of
the maas dependence to A“) ver-
sue Za from NA3 and E772 (pre-
liminary).
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